Background {#Sec1}
==========

Adult T-cell leukemia/lymphoma (ATL) is an aggressive malignancy of mature peripheral T lymphocytes that results from long-term infection with human T-cell leukemia virus type I (HTLV-1). Five to twenty million individuals are estimated to be currently infected with the virus, and only 3--5% of HTLV-1-infected patients develop ATL. HTLV-1 infection can lead to the insertion of oncogenic viral genes into the host genome, which activate NF-κB and Akt signaling, as well as cyclin-dependent kinases, and silence TP53 in host cells.

The prognosis for patients with ATL after treatment with classical cytotoxic agents is still poor. New therapeutic approaches, distinct from standard cytotoxic chemotherapy treatments, are expected to lead to the eradication of ATL \[[@CR1], [@CR2]\]. For example, the efficacy of combined interferon-alpha and zidovudine treatment for aggressive ATL has been described in some uncontrolled clinical studies \[[@CR3], [@CR4]\]. A meta-analysis revealed that compared to chemotherapy alone, first-line management with interferon-alpha and zidovudine was markedly more effective for patients with acute-type ATL \[[@CR5]\]. As an immunotherapeutic approach that can induce long-term survival, allogeneic hematopoietic stem cell transplantation (HSCT) is recurrently conducted for the treatment of aggressive ATL in Japan. The main problem with allogeneic HSCT is that mortality rate related to treatment is high, affecting up to 40% of patients \[[@CR6]--[@CR8]\]. Some promising therapeutic advances in the management of patients with ATL in Japan include the introduction of the anti-CCR4 monoclonal antibody, mogamulizumab, and the immunomodulatory drug, lenalidomide \[[@CR9], [@CR10]\].

Conditionally replicating adenoviruses (CRAs), also termed oncolytic adenoviruses, which selectively replicate in and eradicate cancer cells, are smart anti-cancer agents \[[@CR11]\]. We developed a unique vector, which is regulated by multiple tumor-specific factors (m-CRA) \[[@CR11], [@CR12]\], by additional modification of a CRA derived from a human adenovirus. Both cancer specificity and effective viral replication are crucial for any CRA-based therapy. Early region 1A (*E1A*), the first transcribed gene after infection with wild-type adenoviruses, transactivates the viral and cellular genes essential for generating transmittable adenoviruses. m-CRAs replicate in a tumor-specific manner by replacing the innate *E1A* promoter with a tissue- and tumor-specific promoter \[[@CR13]--[@CR15]\].

Survivin (BIRC5), a member of the inhibitor of apoptosis gene family, is overexpressed in most cancers, but not in normal cells. Clinical trials have demonstrated a positive correlation between high survivin expression levels and poor prognosis, enhanced rate of recurrence, and increased resistance to chemotherapy in patients with malignancy \[[@CR16]\].

We developed survivin-responsive m-CRAs (Surv.m-CRAs), which express E1A under the transcriptional control of the survivin promoter. Surv.m-CRAs can kill a variety of cancers more efficiently and specifically than telomerase-responsive m-CRAs in vitro and in vivo \[[@CR17]\]. Moreover, Surv.m-CRAs can kill cancer stem cells and tumorigenic pluripotent stem cell populations, which are often resistant to classical cytotoxic agents \[[@CR18], [@CR19]\].

As survivin is overexpressed in ATL, especially in acute-type ATL \[[@CR20]\], we examined the effects of Surv.m-CRAs on ATL-selective replication and the induction of cytocidal activity, with the ultimate goal of applying Surv.m-CRA clinically for the treatment of ATL in the future.

Methods {#Sec2}
=======

Cell lines {#Sec3}
----------

The human ATL cell lines, S1T and Su9T01, and the HTLV-1-infected T-cell lines, Oh13T, K3T, F6T, and MT-2, were sustained in RPMI 1640 (Gibco/Invitrogen, Carlsbad, CA, USA) supplemented with 1% penicillin/streptomycin (Gibco/Invitrogen) and 10% fetal bovine serum (Gibco/Invitrogen). All the cell lines, except MT-2, were established from patients in our laboratory \[[@CR21]\]. MT-2 was purchased from Japanese Cancer Research Resources Bank (Osaka, Japan; catalogue number: JCRB1210). We used activated peripheral blood lymphocytes (PBLs) from healthy subjects as negative controls. The PBLs were incubated in the presence of 10 U/ml recombinant human IL-2 (Amgen Biologicals, Thousand Oaks, CA, USA) for 6 days at 37 °C in a 95%-humidity atmosphere with 5% CO~2~. Written informed consent was obtained from healthy subjects to participate of this research.

Adenoviruses {#Sec4}
------------

The following viruses were proliferated and purified as described previously \[[@CR17]\]: Surv.m-CRA, with the wild-type *E1A* under the transcriptional control of the survivin promoter, E1B55KD under the transcriptional control of the CMV promoter, and *EGFP* under the transcriptional control of the CMV promoter; two types of E1-deleted, replication-defective adenoviruses expressing *EGFP* under the transcriptional control of the CMV promoter (Ad.CMV-EGFP) or *LacZ* under the transcriptional control of the survivin promoter (Ad.Surv-LacZ) were also proliferated and purified.

Promoter activities and AGTE {#Sec5}
----------------------------

Promoter activities and in vitro adenoviral gene transduction efficiency (AGTE) were examined as described previously with some modifications \[[@CR17]\]. Cells (5 × 10^5^/plate) were infected with Ad.Surv-LacZ at a multiplicity of infection (MOI) of 30 for 24 h. We measured cellular β-gal activity using the β-Galactosidase Enzyme Assay System (Promega, Madison, WI, USA), after harvesting. The AGTE for each cell type in vitro was examined 48 h after infection with Ad.CMV-EGFP at an MOI of 30.

Flow cytometric analysis {#Sec6}
------------------------

We analyzed the percentage of EGFP- and PE-positive cells by flow cytometry on a FACSCalibur™ (Becton Dickinson, San Jose, CA, USA). Using flow cytometry, we assessed the expression of coxsackie and adenovirus receptor (CAR), which is recognized as the primary cropping receptor for coxsackie B viruses and members of the adenovirus family JM Bergelson, JA Cunningham, G Droguett, EA Kurt-Jones, A Krithivas, JS Hong, MS Horwitz, RL Crowell and RW Finberg \[[@CR22]\]. Cells were stained with RmcB (Sigma Immunochemicals, St. Louis, MO, USA), the primary antibody against CAR, or an isotype control for 60 min on ice. After washing and centrifugation, cells were incubated for 30 min on ice with PE-conjugated goat anti-mouse immunoglobulin (F (ab′)2 fragment; DAKO A/S, Glostrup, Denmark). Cells were resuspended at 1.0 × 10^7^/ml in phosphate buffered saline, and then kept on ice until analysis.

MTT reduction assay {#Sec7}
-------------------

Cells in 96-well plates were infected with Surv.m-CRA at MOIs of 0.3, 3, and 30 or Ad.CMV-EGFP at an MOI of 30. Cell viability was determined by MTT assay (Sigma--Aldrich, St. Louis, MO, USA) after 3 and 5 days, according to the manufacturer's protocol.

Statistical analysis {#Sec8}
--------------------

Data are shown as the mean ± standard errors (s.e.). Statistical significance was determined using Student's *t*-test. *P* \< 0.05 was concluded statistically significant.

Results {#Sec9}
=======

We tested 2 ATL cell lines and 4 HTLV-1-infected T-cell lines. We infected the cells with Ad.CMV-EGFP or Ad.Surv-LacZ at an MOI of 30. All the cell lines had high AGTE and strong survivin promoter activation (Fig. [1](#Fig1){ref-type="fig"}). As opposed to its high AGTE (94%), S1T had lower β-gal activity (i.e. survivin promoter activity) after infection than the other cell lines. Importantly, we did not detect β-gal activity in healthy activated PBLs after infection with the adenoviruses (Fig. [1](#Fig1){ref-type="fig"}). This was likely due to their low AGTE (3.4%) and low survivin promoter activity. Thus, survivin promoter activity was markedly increased in the cell lines, despite small variations in activation, in comparison to the activity in normal PBLs.Fig. 1Assessment of survivin promoter activity and AGTE after infection. β-gal enzyme activity was detected 48 h after infection with Ad.Surv-LacZ at an MOI of 30. Columns indicate mean of three independent experiments. AGTE is presented as the percentage of EGFP-stained cells observed among the total cells at 48 h after Ad.CMV-EGFP infection at an MOI of 30. The activated peripheral blood lymphocytes (PBLs) from healthy subjects were used as negative controls

Moreover, CAR, a strong, but not perfect, determinant for cell infection by adenoviruses, was highly expressed in the cell lines. In contrast, low expression of CAR was observed in activated PBLs from healthy subjects (Fig. [2](#Fig2){ref-type="fig"}). The survivin promoter induced strong transcriptional activation in the K3T cell line, which showed sufficient viral replication. The frequency of EGFP-positive cells increased in a time-dependent manner after infection with Surv.m-CRA. The percentage of EGFP-stained cells observed among the total K3T cells at 48 h after Surv.m-CRA or Ad.CMV-EGFP infection at an MOI of 3 was 96.1 and 55.3%, respectively. These results indicated that Surv.m-CRA replicated in nearly all of the cells (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Flow cytometric analysis of CAR expression in ATL cell lines and HTLV-1-infected T-cell lines. The expression of CAR was analyzed in ATL cell lines, S1T and Su9T01, and the HTLV-1-infected T-cell lines, Oh13T, K3T, F6T, and MT-2. CAR was labelled with the primary antibody RmcB or with an isotype control followed by a PE-linked secondary antibodyFig. 3Replication of Surv.m-CRA in the cell line K3T. EGFP-positive cells increased in a time-dependent manner after infection with Surv.m-CRA. The percentage of EGFP-stained cells observed among the total cells at 48 h after Ad.CMV-EGFP or Surv.m-CRA infection at an MOI of 3 is 55.3 and 96.1%, respectively. Each bar represents the mean of 3 independent experiments

Surv.m-CRAs efficiently replicated and effectively induced cell death in 5 of 6 cell lines; there was a slight viral replication in normal activated PBLs and no significant cytotoxicity (Fig. [4](#Fig4){ref-type="fig"}). Thus, both a strong cytotoxic effect and strict tumor specificity were observed in this setting.Fig. 4Cytotoxic effects of Surv.m-CRA in ATL cell lines and HTLV-1-infected T-cell lines. Cells were infected with Surv.m-CRA at MOIs of 0.3, 3, and 30 or Ad.CMV-EGFP at an MOI of 30. Cell viability was determined by MTT assay at day 3 or 5 after infection. Each bar represents the mean of three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.001 (statistical significance in comparison with the Ad.CMV-EGFP group)

Discussion {#Sec10}
==========

One of the most appealing features of Surv.m-CRAs is their capacity to target a variety of malignant tumors \[[@CR1]\]. This is the first report indicating that Surv.m-CRAs constitute a potential anti-leukemia/lymphoma agent. We demonstrated that Surv.m-CRAs efficiently replicated and induced potent cytocidal effects in ATL and HTLV-1-infected T-cell lines, but not in normal activated PBLs. This finding was consistent with previous reports that survivin mRNA is overexpressed in ATL \[[@CR20]\].

In this study, all the ATL and HTLV-1-infected T-cell lines had high AGTEs and survivin promoter activity. Surv.m-CRAs potently induced cytotoxicity in 5 of the 6 cell lines.

Low AGTE in certain cancer types is a serious issue in adenoviral gene therapy; Surv.m-CRAs are no exception \[[@CR17]\]. Surprisingly, all the ATL and HTLV-1-infected T-cell lines had high AGTEs and high CAR expression, with low AGTEs and low CAR expression in activated PBLs. Other investigators reported that CAR expression was high in some lymphoid malignancies, e.g. in cells derived from the bone marrow of patients with multiple myeloma and in a cell line derived from anaplastic large cell lymphoma. They hypothesized that the malignant transformation process of myeloma and lymphoma closely correlates with the expression of CAR \[[@CR23], [@CR24]\]. Whether this characteristic occurs in common lymphoid tumors or it is peculiar to ATL, multiple myeloma, and some anaplastic large cell lymphoma is not yet known. Further investigation is warranted to elucidate the underlying molecular mechanism responsible.

High CAR expression is a strong, but not perfect, determinant for cell infection by adenoviruses. Actually, some solid tumor cell lines cause adenovirus infection at a relatively high rate even with CAR deficiency; however, the mechanism has not yet been fully elucidated. However, our results suggested that adenoviral gene therapy holds potential for the treatment of ATL caused by HTLV-1 infection.

Another critical requirement for ideal CRA is attenuation of viral replication in normal cells. We have already demonstrated that survivin promoter activity is not present in normal WI-38 fibroblasts, despite high levels of CMV promoter activity and moderate to high levels of AGTE. Surv.m-CRAs could not induce cytotoxic effects in either normal activated PBLs with low AGTE levels or WI-38 cell lines, indicating that moderate to high AGTE was not sufficient for cytotoxicity of Surv.m-CRAs \[[@CR17]\]. Moreover, we previously showed that a single injection of Surv.m-CRAs into a pre-established tumor, expressing survivin, induced significant tumor death and inhibited tumor growth. These results suggest the therapeutic potential and safety of Surv.m-CRAs for the treatment of cancer \[[@CR17]\]. Fukuda et al. showed that survivin is expressed and regulated by growth factors in human CD34+ cells, which are considered hematopoietic stem cells (HSCs) \[[@CR25]\]. Although the paucity of CAR is thought to be a limiting factor for Surv.m-CRA transfer into HSCs, myelosuppressive side effects must be considered in clinical settings \[[@CR26]\].

Among the ATL and HTLV-1-infected T-cell lines, only Oh13T cells exhibited complete resistance to Surv.m-CRA treatment. This exceptional result must be further explored to understand the mechanism of resistance. The growth rate of the Oh13T cells was slower than that of the other cell lines, which may confer resistance to the cytocidal effects of Surv.m-CRAs. Although multiple factors are involved in Surv.m-CRA therapy, high survivin promoter activity is a promising, but not perfect, biomarker that correlated with the efficacy of Surv.m-CRA therapy in the other tested cell lines (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Relationship between survivin promoter activity and the cytotoxic effects of Surv.m-CRA. We examined the relationship between the survivin promoter activity of CRAs in ATL cell lines and HTLV-1-infected T-cell lines and the IC~50~ of Surv.m-CRAs in the cell lines. The coefficient of determination, denoted as R^2^, is 0.99356. Oh13T, which exhibited complete resistance to Surv.m-CRA treatment, was excluded from this analysis

Although our experiments do not include any in vivo therapeutic data, this is the first report demonstrating that Surv.m-CRAs show an apparent difference in AGTE, CAR expression, promoter activity, and cytocidal effect between hematologic malignancy and activated PBLs. Moreover, we are currently implementing a first-in-human, investigator-initiated trial of Surv.m-CRAs for the treatment of refractory malignant bone and soft tissue tumors. Our results suggest the possibility of using Surv.m-CRAs for the clinical treatment of ATL based on the clinical trial with the conventional solid tumors. However, unlike solid tumors, there are several possible gene transduction methods for the delivery of adenoviral gene against leukemic cells. In future extensive studies, we have to focus on the methods of gene administration.

Another attractive feature of Surv.m-CRAs is their ability to target cancer stem cells. Surv.m-CRAs demonstrate elevated effectiveness against cancer stem cells, which are often resistant to conventional anti-cancer medications and radiotherapy \[[@CR18]\]. We are currently implementing a first-in-human, investigator-initiated trial of Surv.m-CRAs for the treatment of refractory malignant bone and soft tissue tumors.

Recently, immunotherapies using antibodies against programmed cell death 1 (PD-1) and its ligand (PD-L1) have proven to be powerful and effective treatments for patients with various advanced cancers in many clinical trials \[[@CR27]--[@CR30]\]. The most attractive feature of oncolytic virus therapy is that systemic, tumor-specific immunity is efficiently induced via the oncolytic activity of the viruses \[[@CR31]\]. As viruses are also known to activate high-affinity, antigen-specific cytotoxic T lymphocytes against non-self viral antigens, cytolytic activity is enhanced against host cancer cells that express transcripts from Surv.m-CRAs. Talimogene laherparepvec was approved for the treatment of melanoma by the United States Food and Drug Administration in October 2015. A phase III trial first proved that local, intralesional injections of an oncolytic virus can not only suppress the growth of the injected tumors but also prolong overall survival, reportedly via the induction of systemic anti-tumor immunity \[[@CR32]\]. However, Rooney et al. suggested that viruses are likely to drive cytolytic activity, and they revealed known and novel mutations that enable viral-associated tumors to resist immune attack \[[@CR33]\]. In fact, Kataoka et al. revealed a unique genetic mechanism of immune escape caused by structural variations that commonly disrupt the 3′ region of the PD-L1 (*CD274*) gene in multiple cancers, especially in ATL. PD-L1 disruption could serve as a genetic marker to identify cancers that actively evade anti-tumor immunity through PD-L1 overexpression \[[@CR34]\]. Combination treatment with systemic administration of PD-1/PD-L1 blockade is a reasonable strategy to enhance the efficacy of oncolytic viruses against ATL.

Conclusions {#Sec11}
===========

This is the first report demonstrating that Surv.m-CRAs represent a striking potential anti-leukemic agent that could efficaciously and specifically treat ATL. Because our experiments did not include any in vivo therapeutic data, we will focus on the methods of gene administration in future extensive studies.
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